A more complete understanding of immune-mediated damage to the coronary arteries in children with Kawasaki disease (KD) is required for improvements in patient treatment and outcomes. We recently reported the transcriptional profile of KD coronary arteritis, and in this study sought to determine protein expression of transcriptionally up-regulated immune genes in KD coronary arteries from the first 2 months after disease onset. We examined the coronary arteries of 12 fatal KD cases and 13 childhood controls for expression of a set of proteins whose genes were highly up-regulated in the KD coronary artery transcriptome: allograft inflammatory factor 1 (AIF1), interleukin 18 (IL-18), CD74, CD1c, CD20 (MS4A1), Toll-like receptor 7 (TLR-7) and Z-DNA binding protein 1 (ZBP1). Immunohistochemistry and immunofluorescence studies were performed to evaluate protein expression and co-localization, respectively. AIF1 was expressed transmurally in KD arteritis and localized to macrophages and myeloid dendritic cells. CD74, which interacts with major histocompatibility complex (MHC) class II on antigen-presenting cells, localized to the intima-media. CD1c, a marker of myeloid dendritic cells, was expressed in a transmural pattern, as were IL-18 and CD20. ZBP1 and TLR-7 were up-regulated compared to controls, but less highly compared to the other proteins. These findings provide evidence of antigen presentation and interferon response in KD arteritis. In combination with prior studies demonstrating T lymphocyte activation, these results demonstrate the complexity of the KD arterial immune response.
Introduction
Kawasaki disease (KD) is an acute-onset systemic inflammatory illness that predominantly affects infants and young children. Inflammation of the coronary arteries in KD can lead to the formation of coronary artery aneurysms, with an accompanying risk for thrombosis leading to myocardial infarction, or stenosis leading to progressive ischaemia [1, 2] . KD is now the leading cause of acquired heart disease in children in developed countries [3] .
The development and discovery of improved treatments for KD, especially for high-risk patients, has been hampered by a lack of information regarding the immune response in the target tissues of the disease, the coronary arteries [4] . We described recently the transcriptional profile of KD coronary arteritis and demonstrated upregulation of genes associated with antigen presentation, dendritic cell (DC) function and type I interferon (IFN) response [5] .
Immune protein expression is regulated typically at a transcriptional level [6] . In the present study, we selected seven proteins corresponding to highly up-regulated immune genes in the transcriptome for which externally validated antibodies were available and excluded proteins known to be up-regulated, such as CD3, CD4 and CD8, and determined their expression in KD coronary artery tissues. The long-term goal of these studies was to inform our understanding of inflammatory mediators up-regulated in KD coronary arteritis.
Materials and methods

Subjects
We evaluated the coronary arteries of 12 patients with fatal KD (ages 3Á5-11 months, median age 5 months) who died 2-8 weeks after illness onset and 13 control patients who died of non-KD illness (ages 2 days-4 years, median age 5 months). Demographic and clinical data available in deidentified autopsy reports for cases and controls are presented in Tables 1 and 2 . Cases 1-3, 8, 11 and 12 were included in our recently published transcriptome study [5] . Childhood control coronary arteries had normal histology. Coronary artery tissues were formalin-fixed paraffinembedded (FFPE) and sectioned onto glass slides. This study was approved by the Institutional Review Board of the Ann and Robert H. Lurie Children's Hospital of Chicago.
Antibodies
Transcriptome results from our published study were used for selection of proteins for analysis [5] . We sorted genes from the highest to the lowest degree of up-regulation. We selected highly up-regulated genes whose proteins could be examined using antibodies validated by The Human Protein Atlas (www.proteinatlas.org) or Antibodypedia (www. antibodypedia.com) [7] . We excluded any proteins that had been demonstrated previously to be up-regulated at the tissue level in KD coronary arteritis, such as CD3, CD4 and CD8. Polyclonal rabbit anti-human prestige antibodies (Sigma-Aldrich, St Louis, MO, USA) directed against allograft inflammatory factor 1 (AIF1), interleukin (IL)-18, CD74, CD20, Toll-like receptor 7 (TLR-7) and Z-DNA binding protein 1 (ZBP1) were chosen for analysis, as well as a mouse monoclonal anti-human antibody to CD1c (Novus Biologicals, Littleton, CO, USA). The genes corresponding to these proteins were up-regulated between 3Á4-and 14Á2-fold in the KD coronary artery transcriptome [5] . Mouse monoclonal antibodies against CD68, CD3 and smooth muscle actin were from Dako (Carpenteria, CA, USA). All antibodies showed excellent staining of control spleen tissue. FFPE coronary artery sections were deparaffinized and rehydrated. Heat-induced epitope retrieval was performed using a 0Á01 M sodium citrate buffer at pH 6.0 in a standard pressure cooker. Background peroxidase was blocked with Pierce stable peroxide substrate (Thermo Fisher Scientific, Waltham, MA, USA) diluted to 31. Sections were incubated for 30 min with 3% goat blocking-serum. Sections were then incubated with primary rabbit antibodies: anti-AIF1 (HPA049234, 1 : 200), anti-TLR-7 (HPA059613, 1 : 50), anti-CD74 (HPA010592, 1 : 250), anti-CD20 (HPA014341, 1 : 200), anti-IL-18 (HPA003980, 1 : 200), anti-ZBP1 (HPA041256, 1 : 750) and anti-CD1c (NBP2-46123, 1 : 100). Biotinylated goat anti-rabbit immunoglobulin (Ig)G antibody (Vector Laboratories, Burlingame, CA, USA) was used for the secondary antibody incubation except for CD1c, in which case biotinylated goat antimouse IgG antibody was used. Immunoperoxidase detection was performed using the Vectastain Elite ABC Kit (Vector Laboratories) and 3,3a-diaminobenzidine horseradish peroxidase (Vector Laboratories). Counterstaining was accomplished with Hematoxylin QS (Vector Laboratories).
Immunofluorescence
Multiple immunofluorescent labelling was performed following antigen retrieval using the same primary antibodies as above for AIF1 (1 : 20) and CD74 (1 : 10), with goat anti-rabbit Alexa Fluor 488 as the secondary antibody (Invitrogen A11034, 1 : 300; Invitrogen, Carlsbad, CA, USA). Mouse anti-human primary antibodies against CD68 (M087629 1 : 10), CD3 (M725429, 1 : 10), CD1c (NBP2-46123, 1 : 10) and smooth muscle actin (M085129, 1 : 50) were used with goat anti-mouse Alexa Fluor 568 as the secondary antibody (Invitrogen A11031, 1 : 300). ProLong Diamond Antifade Mountant with 4',6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific) was used for mounting and nuclear staining.
Statistical analysis
Two investigators (S.C. and A.R.) reviewed the immunohistochemical staining results independently and discrepant interpretations were resolved by a third investigator (S.W., a pathologist). Blinding was not possible due to the histological differences in case specimens versus controls. Specimens were graded based on the amount of staining present (none, rare, focal or diffuse), with separate grading for the intima-media and adventitia. All KD cases demonstrated loss of the intima-media border, precluding individual assessment of intima versus media. Results were compared between the KD case group and the control group for the intima-media and the adventitial layers individually using Wilcoxon's rank-sum test and the following data values: no expression 5 0, rare 5 1, focal 5 2 and diffuse 5 3.
Results
Results of grading of protein expression and Wilcoxon's rank-sum test (for each protein in the intima-media and adventitial layers) are displayed in Table 3 and Supporting  information, Table S1 .
AIF1, an actin-binding protein induced by IFN, was expressed highly in a transmural distribution in KD coronary arteries in antigen-presenting cells. AIF1 was upregulated 5Á5-fold in the KD coronary artery transcriptome [5] . We identified diffuse transmural expression of AIF1 protein in all 12 KD coronary artery specimens (Fig. 1) . AIF1-positive cells co-localized with macrophage marker CD68 and with myeloid DC marker CD1c (Fig. 2) . AIF1-positive cells did not co-localize with T lymphocytes (CD3) or smooth muscle actin (data not shown).
CD74, a chaperone that associates with major histocompatibility complex (MHC) class II to regulate antigen presentation for immune response, was up-regulated significantly in the media of KD coronary arteries compared to controls and localizes to macrophages. CD74 was up-regulated 7Á7-fold in the KD coronary artery transcriptome [5] . CD74 protein was expressed diffusely in both the media and adventitia of all 12 cases, whereas there was no expression of CD74 in the media of any of the 12 control coronary arteries (Fig. 3) . CD74 co-localized with CD68 but not with CD3 or smooth muscle actin by immunofluorescence (Supporting information, Fig. S1 ).
CD1c, a marker of myeloid DCs, was up-regulated highly in a transmural pattern in KD coronary arteries. CD1c was up-regulated 3Á9-fold in the KD coronary artery transcriptome [5] . CD1c was expressed highly in a transmural pattern in 10 of 12 cases. CD1c was expressed rarely in the controls and localized to the adventitia when present.
IL-18, a proinflammatory cytokine produced by macrophages that can stimulate MHC class II molecule expression via IFN-g production in T lymphocytes, is expressed highly in a transmural pattern in KD coronary arteries (Fig. 3) . IL-18 was up-regulated 3Á4-fold in the KD coronary artery transcriptome [5] . IL-18 protein was expressed in a transmural pattern in 9 KD cases and in the adventitia in 2 KD cases. IL-18 was virtually absent from the control coronary arteries. CD20, ZBP1 and TLR-7 proteins were also up-regulated in KD arteritis. MS4A1 (the gene for CD20), ZBP1 and TLR-7 were up-regulated 14Á2-, 5Á6-and 11Á1-fold, respectively, in the KD coronary artery transcriptome [5] . Significantly increased transmural expression of CD20 was observed in all 12 KD cases compared with control coronary arteries (Fig. 3) . Although ZBP1 protein was upregulated significantly in KD coronary arteries compared to controls, there were few positive cells overall (Fig. 3) . ZBP1-positive cells were located primarily in small clusters near the luminal surface, with rare cells distributed throughout the adventitia. TLR-7 protein was expressed in a transmural pattern in 8 of 12 KD coronary arteries, but was expressed predominantly in the adventitia (Fig. 3) . There was no expression of TLR-7 in any of the control coronary arteries.
Discussion
Because arterial tissues from fatal KD cases are scarce, there has been little information about immune protein expression in KD coronary arteries. In an early immunological study of a single fatal case of KD, the mononuclear infiltrate in the coronary arteries consisted mainly of macrophages and T lymphocytes with expression of the class II major histocompatibility antigen human leucocyte antigen D-related (HLA-DR) [8] . We have demonstrated previously the infiltration of CD8-and CD4-positive T lymphocytes and CD68-positive macrophages in KD coronary artery aneurysms [9] . It was demonstrated later that activated myeloid DCs co-localize with T cells in KD coronary artery tissues [10] . Our recent report of the transcriptome of KD arteritis demonstrated marked T lymphocyte activation and also showed transcriptional up-regulation of genes associated with antigen presentation, DC function and type I IFN response [5] . In the present study, we demonstrate the expression of immune protein expression by antigenpresenting cells (DCs, macrophages and B cells) and proteins related to type I IFN response (TLR-7, ZBP1).
CD74 is the cell surface form of invariant chain (Ii), which is involved in antigen-presentation by MHC class II molecules, [11, 12] and was up-regulated highly in the KD coronary arteries examined. CD74 is expressed in antigenpresenting cells and production is stimulated by IFN-g [13, 14] . IL-18 is a proinflammatory cytokine that stimulates T helper type 1 (Th1) cells and other immune cell types to produce IFN-g, which can induce MHC class II expression [15] . Furthermore, serum levels of IL-18 are elevated in KD and have been correlated with the development of coronary artery abnormalities in two prior studies [16, 17] . The proinflammatory cytokine IL-1 was not evaluated in this study, as it was not up-regulated transcriptionally in KD arterial tissues [5] .
TLR-7 and ZBP1 recognize pathogen-associated molecular patterns and both are up-regulated in KD coronary arteritis. TLRs are part of the first line of immune defence against microbes. TLR-7 activates the production of IFN-a in response to single-stranded RNA [18] . ZBP1 stimulates type I IFN response, and has been implicated in immune response to viruses such as the herpesviruses [19] .
The expression of CD20 is vital for the maturation of B cells to plasma cells, and plasma cells are an important component of the acute KD arterial tissue infiltrate [20, 21] . CD20 is expressed by B lymphocytes and follicular DCs. The oligoclonal IgA plasma cell response that we identified previously in KD is consistent with an antigendriven response driving an effector IgA plasma cell infiltrate [22] .
AIF1, known to be produced by macrophages, was cloned originally from a rat model of chronic cardiac allograft rejection [23] . AIF1 expression may promote vascular smooth muscle cell proliferation for the healing of damaged vessels, but also correlates with the development of coronary allograft vasculopathy (CAV) in chronic rejection of transplanted hearts, which is of interest given the pathological similarities between this process and luminal myofibroblastic proliferation in chronic KD [2, 24] . We have demonstrated recently the expression of AIF1 in chronic KD arteritis tissues greater than 5 months after illness onset, and also demonstrated that AIF1 is required for antigen-specific T lymphocyte activation [25] . Thus, AIF1 may provide a link between T lymphocyte activation and antigen presentation in KD arteritis.
We suspect that the efficacy of combining steroid therapy with IVIG in high-risk KD patients in the RAISE trial [26] may relate to the action of steroid therapy in broadly down-modulating immune responses, at least when administered with IVIG, which is a highly effective therapy for KD [4] . The coronary artery protein expression data reported here complement our report of the immune transcriptome of KD arteritis and demonstrate the complexity of the immune response in KD arteritis.
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